SUMMARY The distance between perfusion and anoxia was measured on the border of an experimental ischemic area in the rabbit heart. Reduced nicotinamide adenine dinucleotide (NADH) fluorescence photography was used to detect myocardial anoxia. Fluorescein angiography marked areas of myocardial perfusion. The hearts were isolated, perfused with a hemoglobin-free solution and performed no external work. In all hearts there was a narrow band between areas of perfusion and anoxia that measured 329 ± 42 u (mean ± SD). The transition from minimal to full NADH fluorescence was abrupt, less than 80 u. We conclude that the normoxic/anoxic transition is sharp, and the gap between perfusion and anoxia is narrow along an ischemic border in the isolated heart performing no external work. These data suggest that in the in vivo working heart the gap between perfusion and anoxia would be even narrower.
RECENTLY, ATTENTION has been focused on the modification of myocardial infarct size after coronary occlusion.1-3 The goal of these investigations has been to salvage the jeopardized, peri-ischemic border zone that surrounds a myocardial infarction. Basic to this work is an understanding of the nature and extent of the border between ischemic and nonischemic tissue. The purpose of this study was to visualize and delineate the transition zone between perfused and anoxic tissue during experimental coronary occlusion in an isolated rabbit heart. Fluorescein angiography was used as a perfusion marker. Reduced nicotinamide dinucleotide (NADH) fluorescence photography simultaneously recorded the area of myocardial anoxia.
The Methods Hearts were rapidly excised from 11 2-kg male, New Zealand rabbits anesthetized with intravenous sodium pentobarbital (30 mg/kg i.v.) and were perfused at 370 C with Krebs-Ringer bicarbonate buffer containing 5 mM glucose and 2.5 mM Ca++ by the Langendorif perfusion technique. The perfusate was equilibrated with 95% oxygen, 5% carbon dioxide and filtered through a 0.2-, filter (Millipore). The perfusion apparatus was equipped with an overflow reservoir placed above the heart to maintain central aortic perfusion pressure at 80 torr. A clear plastic cannula was placed into the pulmonary artery and the cavae were ligated. The cannula was connected to a Clark oxygen electrode for continuous analysis of the Po, of the coronary venous effluent. Mean perfusate Po, was 603 ± 27 and mean coronary effluent Po, was 185 ± 17 torr (mean ± SD).
After a 10-minute stabilization period, a coronary artery on the anterolateral surface of the left ventricle was ligated halfway to the apex. Five minutes after coronary occlusion, the heart was perfused with a fluorescein dye solution that consisted of the standard perfusate plus 5% glycerol and 5% saturated fluorescein solution. The fluorescein solution was placed in a reservoir at the same height as the perfusate overflow reservoir and a stopcock allowed a rapid change from the standard perfusate to the fluorescein solution. As soon as the fluorescein dye was seen to emerge from the pulmonary artery, the heart was rapidly frozen by lightly compressing it between cold aluminum tongs and plunging it into liquid nitrogen."5 The time between the emergence of fluorescein perfusion and application of the cooled tongs was less than 1 second.
Fluorescence photographs were taken with a Bronica S2A camera with a 75-mm lens reversed to provide an image on the film 1 The epicardial surface was removed by filing to a depth of 0.6-0.9 mm in order to remove the intramyocardial blood vessels and minimize artifact from fluorescein surface stains and diffusion of oxygen from air. The heart and file were kept cold by frequent immersion in liquid nitrogen.
In three validation experiments the heart was perfused for 7 seconds with the fluorescein-glycerol solution; the protocol was otherwise unchanged. In this experiment we evaluated whether the narrow width of the rim of tissue between NADH and fluorescein fluorescence was due to diffusion of the dye toward the ischemic area or the expansion of the NADH fluorescence zone during the time of perfusion with the fluorescein dye and freezing. The hypothesis was that if either process were operating during the standard experiments, then perfusion with the fluorescein solution for a longer time would cause still further narrowing of the gap between NADH and fluorescein fluorescence.
During preliminary studies, hearts were perfused for 3 seconds with a glycerol solution without fluorescein. NADH fluorescence was seen only in the distribution of the occluded coronary artery, demonstrating that the glycerol perfusion and freezing techniques were not artifactually causing NADH fluorescence.
Measurements were made on the color transparencies of the cross sections of the heart on an enlarger with a 15 X magnification. By examining minute surface scratches and frost on the heart, the optical resolution was estimated at 30 . In this study fluorescein fluorescence was used to indicate the presence or absence of perfusion; no quantitative measurements of the gradients of perfusion were made. The distance between the edge of fluorescein fluorescence and NADH fluorescence was measured in [18] [19] [20] [21] [22] evenly spaced areas around the ischemic border. On the periphery of the specimen the ischemic border was distorted and no measurements were made when there was less than 2 mm of fluorescein perfused myocardium surrounding the ischemic border. In addition, to minimize artifact due to geometric irregularities of the ischemic border, no measurements were performed when the NADH fluorescent border had a curvature with less than a 0.5-mm radius.
Numerical results are presented as mean ± SD. The t test was used to compare the gap width from the experiments with less than 2 seconds of fluorescein perfusion and the experiments with 7 seconds of fluorescein perfusion; the null hypothesis was that there is no difference between the two measurements.
In this paper the term ischemia means a state of low or absent coronary perfusion and anoxia refers to a condition of very low Po2.
Results
In eight rabbit hearts with experimental ischemic areas, the distance.,between the perfused areas and anoxic areas were measured. After a 1-2-second perfusion with fluorescein dye, the hearts were immediately cooled to liquid nitrogen temperature to fix the ischemic boundary with minimal disturbance.
The area of increased NADH fluorescence, corresponding to anoxic tissue,9 is pale blue and relatively uniform in intensity ( fig. IA) . Areas of minimal reduction of pyridine nucleotide are recorded as a dark gray. The transition from minimal to full NADH fluorescence was abrupt, less than 80 P. The dark areas within the NADH fluorescent area are intramyocardial veins, which could be seen in photographs of the epicardial surface and which become less prominent as the epicardial layers were removed.
The yellow-green fluorescence from fluorescein marks areas of perfused tissue. The perfused areas had an irregular intensity; in pilot experiments, when the perfusion with fluorescein was maintained for 5-10 seconds before freezing, the green fluorescence was more uniform. Figure IA , shows a narrow, dark band surrounding the area of NADH fluorescence that corresponds to an area that is neither perfused (fluorescein fluorescence) nor anoxic (NADH fluorescence). This peri-ischemic rim of nonfluorecent tissue was seen in all experiments. Figure 1 B is an example from another heart. The width of this rim was measured at 18-22 evenly spaced areas surrounding the ischemic border in each heart and was 329 :i 42 ,u (mean ± SD).
NADH fluorescence was not seen within the areas perfused by fluorescein, suggeting that the fluoresceinglycerol solution and the freezing technique were not artifactually causing NADH fluorescence.
Three experiments were conducted to evaluate whether the narrowness of the gap between NADH and fluorescein fluorescence was due to diffusion of the dye toward the ischemic area or the expansion of the NADH fluorescence zone during the time of perfusion with the fluorescein and freezing. This possibility was evaluated by perfusing the heart with fluorescein dye for 7 seconds instead of 1-2 seconds in the standard experiments. The gap between NADH and fluorescein fluorescence in the hearts perfused for 7 In the zone between the perfused and anoxic areas, oxygen is diffusing toward the ischemic tissue. In our experiments, hearts had disrupted mitral valves and no pulmonary venous return; with minimal preload and afterload, the myocardial oxygen consumption was undoubtedly low. Since the distance oxygen can diffuse from a capillary is inversely dependent on myocardial oxygen consumption of the intervening tissue,19 the gap we observed is probably larger than the one in a heart performing external work.
In the isolated crystalloid perfused heart, the capillary Po2 is high; the arterial and venous Po2 were approximately 600 and 185 torr. Since increasing capillary Po2 increases the distance oxygen can diffuse, the high oxygen tension in the isolated heart would also widen the gap between perfused and anoxic tissue. Using a model of oxygen diffusion across a flat surface,19 and assuming that the capillary Po2 is six times less and the myocardial oxygen consumption is four times more in the working, in vivo heart,20 the estimated gap in the in vivo working heart would be 20% of what we observed, or 66 ,u. We conclude that the zone between perfused and anoxic tissue in the in vivo working heart is substantially less than 329 , and there is only a minimal volume of nonperfused tissue that is not anoxic.
The narrowness of the gap between perfusion and anoxia we observed supports the concept that at the border of an ischemic area tissue anoxia is a discrete and abrupt phenomenon rather than a graded process. The volume of the tissue within the gap is small and would be even smaller than in the in vivo working heart. Even within the gap, tissue is not anoxic (as judged by NADH fluorescence) until some distance from the edge of perfusion. The (1/3 mm) and the abrupt transition from normoxic to anoxic tissue (< 1/10 mm), tissue biopsies across an ischemic border are probably detecting mixtures of normoxic and anoxic cells. This view is reinforced by the spatial irregularities of the ischemic border in the rabbit heart, which is more extensive in other animals with greater collateral circulation. In the dog, for example, NADH fluorescence photographs of the ischemic boundary reveal extensive interdigitation of the ischemic borders and islands of normoxic tissue within the anoxic areas. ' 
